Mechanisms by which psychological stress damages oocytes are largely undetermined. Although a previous study showed that the stress-induced corticotrophin-releasing hormone (CRH) elevation impaired oocyte competence by triggering apoptosis of ovarian cells, how CRH causes apoptosis in ovarian cells and oocytes is unknown. In this study, we have examined the hypothesis that restraint stress (RS)-induced CRH elevation triggers apoptosis of ovarian cells and impairs oocyte competence through activating the Fas/FasL system. The results showed that RS of female mice impaired oocyte competence, enhanced expression of CRH and CRH receptor (CRH-R) in the ovary, and induced apoptosis while activating the Fas/FasL system in mural granulosa cells (MGCs) and oocytes. Injecting mice with CRH-R1 antagonist antalarmin significantly alleviated the adverse effect of RS on oocyte developmental potential. Treatment of cultured MGCs recapitulated the effects of CRH and antalarmin on apoptosis and Fas/FasL expression in MGCs. Silencing FasL gene by RNA interference in cultured MGCs further confirmed the involvement of the Fas/FasL system in the CRH triggered apoptosis of ovarian cells. It is concluded that the RS-induced CRH elevation triggers apoptosis of ovarian cells and impairs oocyte competence via activation of the Fas/FasL system.
Introduction
Studies suggest that psychological stress can affect women reproduction [1] [2] [3] . For example, stressful life events may reduce successful outcome following human in vitro fertilization, possibly through psychobiological mechanisms affecting medical end points such as oocyte retrieval outcome [4] . Restraint of animals is an experimental procedure developed for research of psychological stress [5, 6] , and restraint stress (RS) applied during the final stages of follicular growth and maturation significantly diminished the developmental potential and induced chromosome aneuploidy of mouse oocytes [7, 8] . However, the mechanisms by which psychological stress damages the oocyte are far from being determined.
Studies have demonstrated that stress activates the hypothalamopituitary-adrenocortical (HPA) axis and thus enhances production of corticotrophin-releasing hormone (CRH) by the hypothalamus. While it is accepted that CRH affects ovarian function by increasing production of glucocorticoids, which decrease the secretion of luteinizing hormone (LH) and follicle-stimulating hormone (FSH), some studies suggest that it acts on the ovary directly to modulate steroidogenesis and/or oogenesis [9] . However, evidence regarding the direct effect of CRH on the oocyte is limited. Although our previous study showed that the RS-induced CRH elevation impaired mouse oocyte developmental potential by triggering apoptosis of ovarian cells [10] , the mechanisms by which CRH causes apoptosis of ovarian cells and oocytes have yet to be specified.
It has been reported that Fas signaling can induce apoptosis in various cells and tissues [11, 12] . The presence of Fas/FasL system in ovaries has been reported in different mammalian species [13] [14] [15] . The Fas/FasL system in Sertoli cells was activated following heat stress of mice [16] , and its activity increased significantly in cardiomyocytes undergoing apoptosis after RS of rats [17] . Activation of the Fas/FasL system was also observed during postovulatory aging of mouse oocytes [18] . Furthermore, our recent study indicated that glucocorticoids triggered apoptosis of mouse ovarian cells and oocytes via activating the Fas system [19] . However, it is unclear whether CRH would induce apoptosis of ovarian cells by activating the Fas system.
We therefore proposed that RS of female mice would induce CRH elevation, which impairs oocyte competence through triggering apoptosis of ovarian cells and oocytes via activating the Fas/FasL system. The aim of the present study was to test this hypothesis by both in vivo and in vitro experiments. On top of the regular in vivo and in vitro approaches, FasL RNA interference in cultured mural granulosa cells (MGCs) was adopted to confirm the involvement of the Fas/FasL system in the CRH triggered-apoptosis of ovarian cells and oocytes.
Materials and methods
All the procedures for animal care and handling were approved by the Animal Care and Use Committee of the Shandong Agricultural University P. R. China (Permit number: SDAUA-2001-0510). If not mentioned otherwise, all chemicals and reagents used in this study were purchased from the Sigma Chemical Company (St. Louis, MO, USA).
Animals and treatments
Mice of Kunming strain, which were bred in our laboratory, were used in this study. The mice were kept in a room with a 14-h light:
10-h dark photoperiod, with lights-off at 20:00. Female mice at the age of 6-8 weeks were subjected to RS for 24 or 48 h before being injected with eCG (10 IU i.p.) or sacrificed to recover ovaries. For RS, an individual mouse was put in a micro cage, which was placed in an ordinary home cage. The micro cage offered the same photoperiod and controlled temperature (22 • C−25
• C) as in the large home cage for the unstressed mice. While in the micro cage, mice could move back and forth to some extent and could take food and water freely, but they could not turn around. In some experiments, mice were injected with 0.1 ml antalarmin (20 mg/kg, i.p) or an equivalent volume of vehicle (70% ethanol in saline) at 16-h intervals during the 48-h restraint period.
Recovery of ovaries, oocytes, and mural granulosa cells
Both RS and unstressed control mice were sacrificed to collect ovaries. The large follicles on the ovary were ruptured in M2 medium to release cumulus-oocyte complexes (COCs). Only COCs with more than three layers of unexpanded cumulus cells, containing oocytes larger than 70 μm in diameter, and with a homogenous cytoplasm were collected for in vitro maturation. The MGCs sheets released into M2 medium at puncture of follicles were collected and pelleted by centrifugation (200 × g for 5 min).
Oocyte maturation in vitro, activation, and embryo culture
For maturation, COCs were cultured in groups of approximately 30 in 100 μl drops of maturation medium at 37.5
• C in a humidified atmosphere of 5% CO 2 in air. The maturation medium consisted of TCM-199 supplemented with 10% (v/v) fetal calf serum, 1 μg/ml 17β-estradiol, 24.2 mg/ml sodium pyruvate, 0.05 IU/ml FSH, 0.05 IU/ml LH, and 10 ng/ml epidermal growth factor. At 24 h of maturation culture, oocytes were stripped of cumulus cells by pipetting with a thin pipette in M2 medium containing 0.1% hyaluronidase. Oocytes were then incubated in the activating medium (Ca 2+ -free CZB medium supplemented with 10 mM SrCl 2 and 5 μg/ml of cytochalasin B) for 6 h at 37.5
• C in a humidified atmosphere with 5% CO 2 in air. At the end of treatment, oocytes were examined under an inverted microscope for activation. Oocytes were considered activated when each contained one or two well-developed pronuclei. Activated oocytes were cultured for 4 days in regular CZB medium (30-35 oocytes per 100 μl drop). Glucose (5.5 mM) was added to the CZB medium when embryos were beyond the 3-or 4-cell stage.
Apoptosis assessment of mural granulosa cells by Hoechst 33342 staining
Hoechst staining was used to assess apoptosis of MGCs because previous studies have shown that Hoechst staining and TUNEL are comparable methods for detecting apoptosis [20] . The MGCs freed from punctured follicles were collected into a 0.5-ml tube and separated from medium by centrifugation (200 × g, 5 min). The MGC pellets were resuspended in 50 μl of M2 medium supplemented with 0.01 mg/ml of Hoechst 33342 and stained in the dark for 5 min. The stained cells were centrifuged (200 × g, 5 min) again to concentrate cells. After removal of approximately half the supernatant, a 5 μl drop of suspension was smeared on a slide. Cultured MGCs were stained in situ in culture wells with Hoechst 33342. The stained cells were observed under a Leica DMLB fluorescence microscope (×400). Six to eight fields were randomly examined on each smear, and percentages of apoptotic cells were calculated from 60-80 cells observed in each field.
Real-time PCR
The MGCs from two mice were treated with a 1-ml Trizol reagent to isolate RNA. The RNA isolated was resuspended in diethyl pyrocarbonate-treated MilliQ water (DEPC-dH 2 O) before digestion with RNase-free DNase I (Takara Biotechniques, Dalian, China).
Reverse transcription was performed in a total volume of 20 μl using Transcriptor Reverse Transcriptase (Roche). Briefly, (i) 1 μl RNA sample, 1 μl Oligo dT18 (Takara), and 11 μl DEPC-dH 2 O were mixed in a 0.2-ml reaction tube; (ii) the mixture was incubated at 65
• C for 10 min in a PCR instrument; (iii) the reaction tube was Immediately after amplification, PCR products were analyzed by sequencing, dissociation curve analysis, and gel electrophoresis to determine specificity of the reaction. Gene expression was normalized to the gapdh internal control. All values were then expressed relative to calibrator samples using the 2
−(
CT) method.
Western blot analysis
A radioimmuno-precipitation assay (RIPA) buffer consisting of 150 mM NaCl, 1.0% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS, 1 mM phenylmethyl sulfonyl fluoride, and 50 mM Tris (pH 8) was first prepared. After washing in cooled PBS, MGCs were lysed in 100 μl RIPA buffer. After the total protein concentration was determined using a BCA Protein Assay Kit (P0012; Beyotime Institute of Biotechnology) and adjusted to 1 μg/μl, 20 μl were placed in a 0.5-ml microfuge tube and frozen at −80 • C until use. To extract protein, 5 μl of 5 × sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) loading buffer were added to each tube, and the tubes were heated to 100
• C for 5 min. SDS-PAGE was run on a 12% polyacrylamide gel to separate total proteins, and the proteins obtained were transferred electrophoretically onto polyvinylidene fluoride membranes. Then, the membranes were washed in TBST (150 mM NaCl, 2 mM KCl, 25 mM Tris and 0.05% Tween 20; pH 7.4), blocked with TBST containing 3% BSA at 37
• C for 2 h, and incubated at 4
• C overnight with primary antibodies (Table 1) . After being washed in TBST, the membranes were incubated for 1.5 h at 37
• C with secondary antibodies. The primary antibodies used included rabbit anti-activated caspase-3 antibodies (1:500, ab13847, Abcam Co., Ltd, Beijing, China), goat anti-CRHR1 polyclonal antibodies (1:1000, ab59023, Abcam Co., Ltd), rabbit anti-Fas polyclonal antibodies (1:1000, ab82419, Abcam Co.), rabbit anti-Fas Ligand polyclonal antibodies (1:1000, ab15285, Abcam Co., Ltd), and mouse anti-β-Tubulin monoclonal antibodies (1:1000, 05-661, Merck Millipore). The secondary antibodies used included goat anti-rabbit IgG (1:500, CW0111, CWBio Co., Ltd, Beijing, China) and goat antimouse IgG (1:4000, CW0110, CWBio Co., Ltd). Signals were detected using a 5-bromo-4-chloro-3-indolyl phosphate/tetranitroblue tetrazolium chloride alkaline phosphatase color development kit (Beyotime Institute of Biotechnology). The sum density of each protein band image was analyzed using an Image-Pro Plus software (Media Cybernetics, Inc., Silver Spring, MD, USA). The density value of each sample was normalized to that of its internal control, GAPDH, or β-Tubulin, to get its relative quantity value.
Immunofluorescence
Oocyte apoptosis was detected using Annexin V-FITC staining kit (C1062, Beyotime Institute of Biotechnology, Shanghai, China). Briefly, cumulus-free oocytes were (1) washed twice in M2 and stained for 10 min in the dark with 195 μl binding buffer containing 5 μl Annexin V-FITC; (2) incubated for 5 min in M2 containing 10 μg/ml of Hoechst 33342; and (3) mounted on glass slides and observed under a Leica laser-scanning confocal microscope. Fluorescence was detected with bandpass emission filters (Hoechst 33342, 420-480 nm; FITC, 505-540 nm). Positive staining was revealed as intensely green color spots located on the plasma membrane of oocytes. A single plane with maximum fluorescence intensity was selected from each oocyte and photographed for further analysis.
Oocytes with more than 20% of the plasma membrane showing green fluorescence were considered annexin positive. Mitochondrial membrane potential (MMP) was assayed using a MMP detection kit with JC-1 (C2006, Beyotime Institute of Biotechnology, Shanghai, China). Briefly, cumulus-free oocytes were washed three times with M2 and placed in a drop of 1 ml M2 and 1 ml JC-1 dye working solution. The oocytes were then incubated at 37
• C for 25 min. After being washed three times with a JC-1 staining buffer, the oocytes were observed under a Leica laser scanning confocal microscope. The same oocytes were observed through TRITC channel (red fluorescence) and FITC channel (green fluorescence). The aggregate JC-1 (red fluorescence) was detected at an emission wavelength of 590 nm, while the monomeric JC-1 (green fluorescence) was monitored at 529 nm. The ratio of aggregated/monomeric JC-1 was calculated to quantify changes in MMP, with a decreased red/green JC-1 ratio representing depolarization of the mitochondria. Quantification of Fas in oocytes was performed by immunofluorescence microscopy. Briefly, cumulus-free oocytes were (i) fixed for 30 min with 4% paraformaldehyde in D-PBS buffer; (ii) permeabilized using 0.5% TritonX-100; (iii) blocked for 1 h in D-PBS containing 3% bovine serum albumin (BSA); (iv) incubated at 4
• C overnight with rabbit polyclonal anti- Negative control samples in which the primary antibody was omitted were also processed to confirm the specificity of the secondary antibodies used.
Enzyme-linked immunosorbent assay of corticotrophin-releasing hormone
Immediately after mice were killed, trunk blood (∼1 ml) was collected into ice-cooled centrifugal tubes and ovaries were snap-frozen in liquid nitrogen. Blood was centrifuged (1700 × g, 10 min, and 4
• C) to separate serum. The serum collected was stored at −80 • C until assay. The frozen ovaries were weighed and transferred to an electrical homogenizer (ULTRA TURRAX IKA T18 basic) with a proper amount of homogenization solutions. Homogenization was performed while cooling on ice. Following homogenization, the homogenates were centrifuged (15000 × g, 10 min, 4
• C), and the supernatant was collected for immediate use or stored at −80 • C until use. Enzyme-linked immunosorbent assay (ELISA) was conducted using a Mouse CRH ELISA kit (Shanghai Quiqi Biological Technology Co., Ltd). Briefly, 50 μl of standards were added in duplicate to wells of a microtiter plate precoated with mouse monoclonal antibodies and incubated for 30 min at 37
• C. After the plate was washed using the wash solution and blot dried using paper towels, 50 μl of horseradish peroxidase-conjugated antibodies were added to each well, mixed thoroughly, and incubated for 30 min at 37
• C. Then, after the microtiter plate was washed and blot dried, 50 μl of substrates A and B were added to each well and incubated for 15 min at 37
• C. The optical density was read at 450 nm using a plate reader (BioTek-ELx808, BioTek Instruments, Inc.) within 15 min after the reaction was terminated by adding 50 μl of the Stop Solution. The concentrations of CRH in ovarian homogenates and serum were calculated according to their respective standard curves.
Culture and treatment of mural granulosa cells
The MGC sheets released into M2 medium at puncture of follicles were collected and pelleted by centrifugation at 200 × g for 5 min. The pellets were digested with 0.25% trypsin at 37.5
• C for 10 min and washed twice by centrifugation (200 × g, 5 min). Pellets were resuspended in DMEM/F12 (Gibco, Beijing, China) supplemented with 10% (v/v) fetal calf serum (Gibco) and 0.5% (v/v) penicillinstreptomycin solution (Gibco). The final suspension (1-2 × 10 5 cells/ml) was added to wells (2 ml per well) of a 6-well culture plate and cultured at 37.5
• C in a humidified atmosphere of 5% CO 2 in air.
To study the effects of CRH supplementation on cultured MGCs, when cells grew to 80%-90% of confluence, the medium was renewed and cells were cultured for 24 h in serum-and antibiotics-free DMEM/F12 medium with or without CRH (2 × 10 −6 M) and/or antalarmin (2 × 10 −6 M). To prepare stock solutions, CRH (10 mM) was dissolved in water, and antalarmin (10 mM) was dissolved in dimethyl sulfoxide. The stock solutions were stored at −20 • C until use. The siRNAs targeting mRNAs and the negative control siRNA were designed and synthesized by RiboBio (Guangzhou, China). The sense strands of targeting siRNAs for the FasL gene included siRNA-1 (5 -GCAGTATTCAATCTTACCA-3 ), siRNA-2 (5 -GGCCTTGTGATCAACGAAA-3 ), siRNA-3 (5 -CCGTGAGTTCACCAACCAA-3 ), and siR-RiboTM for negative control. Transfection with 100 nM siRNAs was performed using lipofectamine RNAiMAX reagent (Invitrogen/Life Technologies, Grand Island, NY). Briefly, when cells grew to 50%-70% of confluence, the spent medium in the wells was replaced by 90 μl fresh TCM-199 medium and the cells were transfected by the forward transfection method. Approximately 0.5 μl of a 20 μM solution of each siRNA were diluted in 4.5 μl of Opti-MEM medium (Invitrogen) and mixed with 0.3 μl of Lipofectamine RNAiMAX reagent (Invitrogen) diluted in 4.7 μl of Opti-MEM medium. After incubation for 5 min at room temperature, the transfection complex was added to the wells, and incubated for 48 h at 37
• C in a humidified 5% CO 2 atmosphere.
Data analysis
Each treatment was repeated at least three times. Percentage data were arc sine transformed before analysis. Data were analyzed with an independent t-test when each measure contained only two groups but were analyzed using ANOVA when each measure had more than two groups. To locate differences during ANOVA, a Duncan multiple comparison test was performed. The Statistics Package for Social Sciences (SPSS 11.5, SPSS, Inc.) was used. Data are expressed as means ± SEM, and P < 0.05 was defined as significant.
Results

Restraint stress of female mice impaired oocyte developmental potential
Female mice were restrained for 0, 24, or 48 h before eCG injection. At 48 h after eCG injection, mice were sacrificed to collect oocytes for in vitro maturation. After maturation culture for 14 h, some oocytes were examined for maturation (PB1 extrusion) immediately, and others were treated with SrCl 2 for activation and assessment for embryo development. Although rates of oocyte maturation (ranging from 95.7% to 98.2%) and activation (ranging from 93.7% to 95.8%) did not differ among treatments, percentages of 4-cell embryos and blastocysts and cell number per blastocyst were significantly lower in mice restrained for 48 h compared to those in unstressed control mice and in mice stressed for 24 h (Figure 1 ). or 48 h before eCG treatment for oocyte recovery. At 48 h after eCG injection, mice were sacrificed to collect oocytes for in vitro maturation. After maturation culture for 14 h, while some oocytes were examined for maturation (PB1 extrusion), others were treated with SrCl2 for activation. Following the SrCl2 treatment, oocytes were cultured for embryo development. Graphs A, B, and C show percentages of 4-cell embryos/activated oocytes, percentages of blastocysts/4-cell embryos, and cell number per blastocyst, respectively. For maturation and embryo culture, each treatment was repeated three and five times, respectively, and each replicate contained about 30 oocytes. a, b: Values with a different letter above bars differ significantly (P < 0.05).
The results suggested that female RS for 48 h using our restraint system significantly diminished the developmental potential of mouse oocytes.
Restraint stress of female mice induced apoptosis in mural granulosa cells and oocytes
Female mice were restrained for 0, 24, or 48 h before ovary recovery for analysis of apoptosis in MGCs and oocytes. Our Hoechst 33342 staining and western blotting in MGCs showed significant increases in apoptotic percentages and active caspase-3 levels, respectively, and real-time PCR revealed a significant decrease in the ratio of Bcl-2/Bax mRNAs, in stressed mice compared to those in unstressed control mice (Figure 2 ). While annexin staining revealed a significant increase in apoptotic oocytes, JC-1 staining showed a significant decrease in oocyte MMP in stressed mice compared to unstressed control mice (Figure 3) . Thus, the results suggested that female RS induced apoptosis in both MGCs and oocytes.
Restraint stress of female mice caused activation of the Fas/FasL system in both mural granulosa cells and oocytes Female mice were restrained for 0, 24, or 48 h before recovery of MGCs for western blot analysis and of oocytes for immunofluorescence microscopy. Protein levels of both FasL and Fas in MGCs were significantly higher in mice restrained for 48 h than in the unstressed control mice, with those in mice restrained for 24 h in between ( Figure 4A and B) . The Fas level in oocytes also increased significantly with increasing restraint duration ( Figure 4C ). The results suggested that RS of female mice activated the Fas/FasL system in both MGCs and oocytes.
Restraint stress of female mice enhanced expression of CRH and CRH-R in the ovary
Female mice were restrained for 0, 24, or 48 h before ovary and blood collection for ELISA of CRH in serum and ovarian homogenates and for western blot analysis of CRH-R1 in MGCs. The results showed that compared to those in unstressed control mice, both levels of CRH in serum and ovarian homogenates and the level of CRH-R1 in MGCs increased significantly after mice were restrained for 24 or 48 h ( Figure 5 ). The results suggested that RS of female mice triggered apoptosis in MGCs and oocytes with enhanced accumulation of CRH and increased expression of CRH-R in the ovary. Administration of CRH-R1 antagonist antalarmin significantly alleviated the adverse effects of female restraint stress on oocyte developmental potential
To further confirm that CRH impairs oocyte developmental potential through interacting with its receptors, female mice were peritoneally injected with CRH-R1 antagonist, antalarmin (20 mg/kg bodyweight), at 16-h intervals during the 48-h restraint period. Stressed control mice were injected with nothing (C-V) or with vehicle (C + V) during the restraint period. At the end of the restraint, mice were injected with eCG and oocytes were recovered 48 h later for maturation, activation, and embryo development. Unstressed control mice were injected with eCG without restraint treatment. The results showed that although rates of oocyte maturation and activation did not differ among treatments, antalarmin injection significantly improved embryo development in stressed mice. Thus, while embryo development did not differ between oocytes injected with nothing and with vehicle, percentages of 4-cell embryos and blastocysts and cell number per blastocyst all increased significantly in mice injected with antalarmin ( Figure 6 ). The results further confirmed that CRH impairs oocyte competence and by interacting with CRH-R. However, the percentage of blastocysts and cell number per blastocyst in mice injected with antalarmin were still lower significantly compared to those in the unstressed control mice, suggesting that antalarmin could not completely rescue the restraint-caused impairment of oocyte developmental potential and that factors other than CRH are involved in the process.
CRH triggered apoptosis via activation of the Fas/FasL system in cultured mural granulosa cells
To further verify that CRH induced apoptosis by activating the Fas system, two experiments were conducted using cultured MGCs. In the first experiment, confluent MGCs were cultured for 24 h in the presence of CRH with or without antalarmin before western analysis for expression of active caspase-3, FasL, Fas, and CRHR1 or detection of apoptosis by Hoechst staining. Compared to those in control MGCs cultured without CRH, expression of all the four target proteins ( Figure 7A , B, C, and J) and apoptotic percentages of MGCs ( Figure 7D -G) were significantly increased following CRH exposure, but the pro-apoptotic effects of CRH disappeared completely after antalarmin supplementation. In the second experiment, expression of FasL in MGCs was knocked down by RNA interference before CRH challenge. The results showed that the expression of FasL declined significantly after RNA interference ( Figure 7H ) and that the pro-apoptotic effect of CRH was significantly alleviated in MGCs transfected with small interfering RNAs against FasL compared to that in MGCs transfected with negative control siRNAs ( Figure 7I ). Thus, our results obtained from cultured MGCs further confirmed that CRH triggered apoptosis by interacting with CRH-R and through activation of the Fas/FasL system.
Discussion
This study showed that RS of female mice decreased oocyte developmental potential and induced apoptosis in MGCs and oocytes with increased expression of CRH and CRH-R in the ovary. The adverse effects of RS on oocyte developmental potential were significantly ameliorated after injection of female mice with antalarmin. Furthermore, for the first time, we showed that culture of MGCs in the presence of CRH significantly increased their apoptotic percentages and expression of active caspase-3, and the pro-apoptotic effects of CRH on cultured MGCs were completely overcome by supplementation of antalarmin. Taken together, the results suggested that CRH triggered apoptosis in both MGCs and oocytes through interacting with CRH-R. Although studies reporting the involvement of CRH in the stress-induced apoptosis are limited, there are some papers documenting that CRH triggers apoptosis in different somatic cells. For example, Zhang et al. [21] reported that CRH induced apoptosis in neurons through interacting with CRH-R1. Dermitzaki et al. [22] found that CRH induced apoptosis in the PC12 rat pheochromocytoma cell line through activation of the p38 mitogen-activated protein kinase. Ock et al. [23] showed that CRH induced apoptosis in microglial cells. Furthermore, Jin et al. [24] reported that CRH receptors mediated apoptosis via cytosolic calcium-dependent phospholipase A 2 in prostate cancer cell RM-1. Data from our previous study [10] have suggested that within the follicles following RS of female mice, the elevated CRH interacted with increased CRH-R1 on theca cells and MGCs, causing an imbalance between estrogen and progesterone (decreased estrogen but increased progesterone) and a decrease in growth factors, which triggered apoptosis of MGCs and facilitated CRH-R1 expression in cumulus cells. The increased CRH-R1 in cumulus cells interacted with the oocyte-derived CRH later during in vitro maturation to induce their apoptosis and reduce oocyte competence. It was reported that CRH inhibited estrogen release [25] while stimulating progesterone release [26] in cultured rat granulosa cells, and that CRH exerted antiproliferative activity on an estrogen-dependent tumor cell lines [27] . CRH suppressed insulin-like growth factor-1 (IGF-1) release from primary cultures of rat granulosa cells [28] . Furthermore, both estrogen and IGF-1 inhibited apoptosis in different cells including ovarian granulosa cells [29] [30] [31] . Taken together, the above documentation supports that CRH triggers apoptosis in different cells through various pathways and by interacting with CRH-R.
The current results indicate that RS of female mice increased expression of FasL and Fas in MGCs and enhanced the expression of Fas in the oocyte. The presence of CRH triggered apoptosis and significantly elevated the levels of FasL and Fas expression during in vitro culture of MGCs, and the pro-apoptotic effect of CRH was completely abolished when the CRH-R1 selective receptor antagonist, antalarmin, was included the culture system or after the FasL gene was silenced by RNA interference. Collectively, both our in vivo and in vitro results strongly suggested that CRH activated the Fas/FasL system in MGCs and oocytes. It has been reported that CRH increased the expression of FasL in the ovarian cancer cell lines OvCa3 and A2780 through CRH-R1 [32] . In HeLa cells, CRH can significantly induce both FasL transcription and FasL translation [33] . Compared to those from normal pregnancy, placental materials obtained from abortions showed increased expression of both Fas and FasL in association with an elevation of CRH [34] . In vitro studies indicated that CRH induced FasL expression in human macrophages and potentiated their ability to induce apoptosis of a Fas-expressing cell line in co-cultures [35] . Furthermore, both our in vivo [36] and in vitro studies [37] have demonstrated that CRH triggers apoptosis of oviductal cells by increasing the expression of FasL and Fas.
In summary, we have published several papers in recent years reporting the detrimental effect of female RS on oocyte quality. While those studies have revealed that RS on female mice reduced oocyte developmental potential [7] , impaired histone modification [38] , and increased aneuploidy [8] , with activation of the HPA axis, the mechanisms by which the HPA products damage oocytes are largely unknown. Furthermore, although one of our previous studies showed that the CRH elevation during RS impaired oocyte competence by triggering apoptosis of ovarian cells [10] , the mechanisms by which CRH causes apoptosis of ovarian cells and oocytes are unclear. Since cell apoptosis in various tissues involves activation of the Fas/FasL system, we thus have tested the hypothesis that CRH induces apoptosis of ovarian cells by activating the Fas/FasL system. The results from both in vivo and in vitro experiments have demonstrated for the first time that a CRH elevation during psychological (restraint) stress triggers apoptosis of ovarian cells and impairs oocyte competence through activation of the Fas/FasL system. The data are important for animal breeding facilities and may be relevant for the human as well, as they convincingly implicate psychological stress, CRH signaling/FasL/Fas action, and apoptosis as mediators of mouse reproduction health.
